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The superconducting transition of FeSe1−xSx with three distinct sulphur concentrations x was
studied under hydrostatic pressure up to ∼70 kbar via bulk AC susceptibility. The pressure depen-
dence of the superconducting transition temperature (Tc) features a small dome-shaped variation at
low pressures for x = 0.04 and x = 0.12, followed by a more substantial Tc enhancement to a value
of around 30 K at moderate pressures. In x = 0.21, a similar overall pressure dependence of Tc is
observed, except that the small dome at low pressures is flattened. For all three concentrations, a
significant weakening of the diamagnetic shielding is observed beyond the pressure around which the
maximum Tc of 30 K is reached near the verge of pressure-induced magnetic phase. This observation
points to a strong competition between the magnetic and high-Tc superconducting states at high
pressure in this system.
The importance of nematic order and magnetic order
is a central topic in the study of iron-based superconduc-
tors [1]. FeSe, although structurally one of the simplest
among all known iron-based superconductors, offers a
large playground to explore the interplay between super-
conductivity and other phases [2–24]. The superconduct-
ing transition temperature (Tc), which is 9 K at ambient
pressure [3, 10, 11], can be substantially enhanced ei-
ther by applying pressure [12–14] or by isolating a mono-
layer of the crystal [15–17]. At Ts ≈90 K, FeSe under-
goes a tetragonal-to-orthorhombic structural transition
[2, 8, 9], accompanied by a large electronic anisotropy
which breaks C4 rotational symmetry [11, 18, 19]. Hence,
the transition at Ts is also called a nematic transition.
Most importantly, FeSe at ambient pressure is nonmag-
netic down to 0 K [4, 8, 9], while spin density wave (SDW)
order can be induced under pressure [5, 6, 20–22], giving
rise to an interesting phase diagram featuring nematic,
magnetic and superconducting phases [7].
Given the richness of the pressure phase diagram, it
is a natural attempt to simulate the high pressure ef-
fect chemically. A similar approach has been made on
BaFe2As2, e.g. phosphorous has been substituted for
arsenic to introduce the chemical pressure effect [25–
27]. In FeSe, sulphur has been substituted for selenium,
i.e. FeSe1−xSx [28–33]. Although the lattice constants
indeed decrease with increasing x, the temperature-
x (T -x) phase diagram is markedly different from the
temperature-pressure (T -p) phase diagram of FeSe [7, 28–
30]. In particular, magnetism is not induced by sulphur.
Near xc ≈ 0.17 where Ts → 0, the nematic susceptibility
substantially diverges, suggesting the existence of a ne-
matic quantum critical point [28]. Therefore, the chemi-
cal pressure introduced by S substitution is inequivalent
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to the applied pressure effect.
The inequivalence between chemical pressure and ap-
plied pressure offers the exciting prospect of further fine
tuning with a simultaneous application of both tuning pa-
rameters. SDW order can also be induced in FeSe1−xSx
when physical pressure is applied [29, 30]. However, at
higher x, the SDW phase can be completely decoupled
from the nematic phase under pressure [29]. Thus, pres-
sure studies of FeSe1−xSx offer an important route to
separate the effects of nematic and magnetic fluctuations,
allowing a discussion of their relative influence on super-
conducting pairing.
To study the pressure evolution of superconductivity
in FeSe1−xSx, we have carried out a series of AC sus-
ceptibility experiments on single crystals with x-values
straddling across the nematic quantum critical point. In
this manuscript, we report a surprising loss of the AC sus-
ceptibility signal associated with the diamagnetic shield-
ing for all crystals studied at moderate pressures, near
the maximum Tc reported near the lower border of the
pressure-induced magnetic phase, despite the fact that
the crystals have been established to be superconducting
via high pressure resistivity measurements [29].
FeSe1−xSx single crystals were synthesized by the
chemical vapour transport technique as described else-
where [28]. The Y-doped Bi2Sr2CaCu2O8 (BSCCO),
used as a reference superconductor for some runs, was
grown using a method similar to ref. [34]. High pres-
sure AC susceptibility measurements were conducted via
a mutual inductance method in moissanite anvil cells
[26, 27, 35]. A modulation coil with ∼140 turns was
placed around the anvil outside the preindented region
of the gasket, and the modulation frequency was be-
tween 2 kHz and 14 kHz. A typical pickup coil has 7.5
turns with a diameter of ∼250 µm and length ∼150 µm,
which is enough to accommodate two thin samples and
a ruby chip. The skin depth, δ, of a metal is given by
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FIG. 1. (Color online) Plot of AC susceptibility against
temperature for FeSe1−xSx (x = 0.21). Voltage drops due to
the superconducting transition are shown and the transition
temperatures are denoted by arrows. The inset shows the am-
bient pressure T -x phase diagram of FeSe1−xSx, constructed
using data from [28]. The FeSe1−xSx with different S substi-
tutions studied in this work are indicated by arrows (x = 0.04,
x = 0.12, and x = 0.21). Ts and Tc denote the structural (ne-
matic) transition temperature and superconducting transition
temperature, respectively.
δ =
√
ρ/(pifµ), where f is the frequency of the mea-
surement, ρ is the resistivity and µ is the permeability.
Assuming ρ of at least 10 µΩcm for FeSe1−xSx [29] and
for simplicity, µ = µ0 = 4pi × 10−7 Hm−1, δ at 14 kHz
is calculated to be ∼ 1.3 mm. This value is the lower
bound for our estimate and it is larger than all dimen-
sions of the sample. Therefore, the AC field penetrates
the sample fully above the superconducting transition,
and this is a bulk measurement of the superconducting
transition. Glycerin was used as the pressure transmit-
ting fluid. The pressure achieved was determined using
ruby fluorescence spectroscopy at room temperature.
The previously constructed ambient pressure T -x
phase diagram of FeSe1−xSx [28] is shown in the inset of
Fig. 1. For this study, we have chosen x = 0.04, x = 0.12,
and x = 0.21, covering both the quantum ordered side
for the former two compositions and the quantum disor-
dered side for the latter composition, as indicated by the
arrows on the T -x phase diagram. Our AC susceptibil-
ity technique is particularly sensitive to superconducting
transitions [26, 27], with typical signals displayed in the
main panel of Fig. 1. The voltage drop is proportional
to the real part of the AC susceptibility, and the arrows
in the main panel define the values of Tc. The ambi-
ent pressure Tc values determined by AC susceptibility
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FIG. 2. (Color online) Temperature-pressure phase diagram
of FeSe1−xSx with x = 0.04 (a) and x = 0.21 (b) as deter-
mined by AC susceptibility. Note that data from multiple
runs are included using different symbols. For instance, the
Tc values extracted from Fig. 1 are shown as solid circles in
(b). Collectively, these data give a smooth pressure variation
of Tc, highlighting excellent experimental reproducibility.
for all three concentrations (c.f. Figs. 2 and 4) are in
good agreement with the values measured by resistivity
[29, 30].
The pressure dependence of Tc is summarised in
Figs. 2a and 2b for x = 0.04 and x = 0.21, respectively.
Data from multiple runs are included in the construction
of the T -p phase diagrams. In x = 0.04, Tc first increases
with increasing pressure, then it begins to drop slightly
and reaches a local minimum near ∼12 kbar. Similar
low pressure behaviour of Tc(p) is observed in x = 0.12,
except that the local minimum is shifted to ∼10 kbar.
In x = 0.21, the local minimum is significantly washed
out. Recent high-pressure resistivity measurements on
FeSe1−xSx up to x = 0.12 also pointed out the shifting
of the local minimum to lower pressure with increasing x
[30], which is consistent with our results. The local min-
imum is thought to be related to the disappearance of
the nematic phase when pressure is applied [28]. There-
fore, the weakening of this feature is consistent with the
fact that x = 0.21 is outside the nematic phase (inset of
Fig. 1).
A further increase of pressure leads to a more substan-
tial increase in Tc in all three compositions. In x = 0.04,
Tc reaches ∼ 30 K at ∼ 30 kbar. This is followed by a sur-
prising disappearance of our diamagnetic signal at higher
pressure. Similar behaviour is observed in x = 0.12 and
x = 0.21. Representative temperature sweeps showing
the disappearance of the diamagnetic signal are presented
in Fig. S1 of Supplemental Material.
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FIG. 3. (Color online) Simultaneous AC susceptibility mea-
surement of (a) Y-BSCCO and x = 0.04, and (b) Y-BSCCO
and x = 0.12. The measurements were performed in the order
of increasing pressure in a single series without changing the
sample. The temperature sweeps are offset vertically for clar-
ity. Axis breaks are added to enable a clear display of both
the high-temperature and the low-temperature parts, where
the superconducting transitions of Y-BSCCO and FeSe1−xSx
occur, respectively. The pressure values are shown next to
the high-temperature part only.
High pressure resistivity measurements have estab-
lished the existence of a dome-shaped Tc(p) around this
pressure region [29] (see also Fig. S3 of the Supplemental
Material). In particular, the crystals of x = 0.12 used in
this study are from the same batch as the crystals used in
the resistivity studies of Matsuura et al. [29]. Therefore,
our AC susceptibility detects only the low pressure as-
cending part of the Tc dome around this pressure. To rule
out instrumentation limitations, e.g. the malfunctioning
of the coils, and to show that the superconducting phase
on the higher pressure side of the dome is invisible to AC
susceptibility, we design a control experiment by adding
a piece of Y-doped BSCCO into our sample space as a
benchmark.
Y-doped BSCCO is chosen because of its distinct Tc
[34] from FeSe1−xSx, and hence their superconductivity
can both be tracked simultaneously and unambiguously
as pressure increases. Fig. 3 displays the results from
AC susceptibility measurements with both superconduc-
tors inside the same pickup coil. These samples are
therefore under identical experimental conditions, such
as the pressure environment. At 3.1 kbar, as the tem-
perature of the pressure cell is lowered, a sharp drop in
voltage is first detected at around 92 K (Fig. 3), corre-
sponding to the superconducting transition of Y-BSCCO
[34]. Upon further cooling, a second drop in voltage
with a comparable magnitude occurs at around 10 K,
which is the superconducting transition of FeSe1−xSx
with x = 0.04, consistent with our earlier measurements
without Y-BSCCO (c.f. Fig. 2a). When pressure is in-
creased, the high-temperature voltage drop is easily iden-
tifiable for all pressure values, allowing the construction
of Tc(p) for Y-BSCCO. In constrast, the low-temperature
voltage drop only remains visible up to a certain pressure.
For x = 0.04, resistivity data shows that Tc ranges be-
tween ∼20 K and ∼30 K between 50 kbar and 70 kbar.
As shown in Fig. 3a, it becomes challenging to identify
any clear voltage drop between ∼5 K and ∼36 K in
the temperature sweeps at 51 kbar and 66 kbar. Sim-
ilar behaviour is observed in x = 0.12 (Fig. 3b) and
x = 0.21 (see Supplemental Material Fig. S2). Therefore,
the weakening of the diamagnetic shielding and hence the
detection of only the low pressure ascending part of the
superconducting dome via AC susceptibility appear to be
a generic feature of FeSe1−xSx.
Fig. 4a summarizes the Tc(p) of Y-BSCCO and x =
0.04 collected simultaneously using the same pickup coil
(open symbols). For comparison, the Tc(p) collected
from other runs with x = 0.04 only is overlaid (solid
circles). The overall pressure evolution of Tc in x =
0.04 is consistent with that determined by resistivity.
The Tc of Y-BSCCO experiences a weak pressure de-
pendence, showing a broad superconducting dome with
an initial slope dTc/dp ≈2 K/GPa. To quantify the
disappearance of the diamagnetic shielding further, we
calculate the voltage drop upon entering the supercon-
ducting state for x = 0.04, δVFSS:0.04, divided by that
for Y-BSCCO, δVY−BSCCO. Assuming Y-BSCCO re-
mains a bulk superconductor under pressure, the ra-
tio (δVFSS:0.04/δVY−BSCCO)(p) benchmarks the varia-
tion of the diamagnetic shielding fraction of x = 0.04.
(δVFSS:0.04/δVY−BSCCO)(p), shown as diamond symbols
in Fig. 4a is almost pressure independent below∼40 kbar,
before plummetting rapidly above this pressure. Figs. 4b
and 4c display the corresponding results for x = 0.12
and x = 0.21, respectively. Note that the overall Tc(p)
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FIG. 4. (Color online) Temperature-pressure phase diagrams, showing the pressure dependence of Tc for (a) x = 0.04, (b)
x = 0.12, and (c) x = 0.21. The data from the simultaneous measurements of Y-BSCCO and FeSe1−xSx are denoted by open
symbols connected by vertical dashed-dot lines. Note the axis break for the temperature axis. For these measurements, we plot
the voltage drop of FeSe1−xSx upon entering the superconducting state, δVFSS, divided by that of Y-BSCCO, δVY−BSCCO as
diamond symbols (right hand axis). For completeness, datapoints from the runs with FeSe1−xSx alone are included as closed
symbols.
of Y-BSCCO is slightly lower in the pressure cell with
x = 0.21 (Fig. 4c), presumably due to a slightly different
oxygen content. This, however, does not affect the con-
clusion on the progressive weakening of the diamagnetic
shielding in FeSe1−xSx under pressure.
We now discuss the possible reasons for the observed
weakening of the diamagnetic shielding under pressure.
One possibility could be the extreme sensitivity to pres-
sure inhomogeneity at high pressure. Cubic anvil cells,
in which the electrical resistivity data on FeSe1−xSx were
collected, are known to provide a highly uniform pres-
sure environment [36]. If a pressure distribution exists,
it would only broaden the transition. Close inspection of
the data displayed in Fig. 3b for x = 0.12 at 46.0 kbar ap-
pears to give a broader transition. However, it is also im-
portant to note that the total voltage drop here is much
weaker compared with the previous pressure (34.4 kbar).
In Y-BSCCO, such a substantial decrease in voltage drop
is not observed. Therefore, the reduction in the voltage
drop in FeSe1−xSx at high pressures cannot be easily at-
tributed to pressure inhomogeneity.
The fact that the loss of AC susceptibility signals oc-
curs near the verge of magnetism suggests a strong in-
terplay between the two ordered states. It is conceivable
that the SDW state competes with superconductivity,
gapping out portions of the Fermi surface which would
otherwise be available for superconducting pairing. This
gives rise to patches of superconducting regions within
the sample, thereby reducing the volume fraction of the
superconducting component. Recent NMR experiments
on FeSe lend support to this scenario [21], although some
of the previous AC susceptibility measurements at dif-
ferent conditions suggested that the superconductivity
in FeSe is bulk in the entire phase diagram [6, 7, 14].
We note that the diamagnetic signal in the AC suscep-
tibility may be large even in inhomogeneous supercon-
ductors when the intergrain current is strong enough for
magnetic shielding. High pressure NMR experiments on
FeSe1−xSx will shed light on this issue.
The same AC susceptibility technique has been em-
ployed to study the Tc(p) of BaFe2(As1−xPx)2 by some of
us, following very similar experimental conditions [27]. In
the case of BaFe2(As1−xPx)2 clear diamagnetic voltage
drop can be seen in all crystals studied up to ∼70 kbar.
For low phosphorous content x, the SDW sets in be-
fore superconductivity, but no reduction of diamagnetic
shielding was detected. However, whether magnetism
competes or coexists with superconductivity has been a
long-standing issue in the analysis of phase diagrams of
many strongly correlated electron systems, including e.g.
CaFe2As2 [37, 38] and CeT In5 (T = Co, Rh, and Ir)
[39, 40]. Therefore, the observed anomalous diamagnetic
response in FeSe1−xSx warrants further studies to fully
understand the potential impact of the pressure-induced
SDW order on the superconducting properties of this sys-
tem.
In summary, we have tracked the superconducting
transition of FeSe1−xSx with x = 0.04, 0.12 and 0.21 up
to ∼70 kbar using AC susceptibility. The measured Tc(p)
shows a local minimum at around 10–15 kbar, which gets
progressively washed out with increasing sulphur content.
At a slightly higher pressure, a significant loss of the sus-
ceptibility signal corresponding to the superconducting
transition is observed for all three compositions studied.
The weakening of the diamagnetic shielding occurs near
the verge of pressure-induced SDW order, which leads to
5the conclusion that the SDW phase competes with su-
perconductivity, resulting in the reduction of supercon-
ducting volume fraction.
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7Supplemental Material
One of the AC susceptibility runs of FeSe1−xSx with x = 0.21 is shown in Fig. S1. For this particular run, a piece
of x = 0.21 was included in the sample space without Y-BSCCO. At 35.0 kbar, a sharp drop in voltage corresponding
to the superconducting transition can be seen, even without removing the background signal. At 50.7 kbar, such a
substantial voltage drop is not observed.
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FIG. S1. (Color online) Plot of AC susceptibility against temperature for FeSe1−xSx with x = 0.21. The background signal is
not removed. Voltage drop due to the superconducting transition can be unambiguously identified at 35.0 kbar. The Tc value
for this run is included in T -p phase diagrams shown in the main text (Figs. 2(b) and 4(c)) as the solid square.
For completeness, we provide the data from the simultaneous measurement of Y-BSCCO and FeSe1−xSx (x = 0.21)
in Fig. S2. The Tc of Y-BSCCO in this run is slightly lower compared with the other runs shown in Fig. 3 of the
main text. However, the pressure dependence of Tc remains qualitatively similar to the other Y-BSCCO crystals we
studied (c.f. Figs. 3 and 4 of the main text). The diamagnetic voltage drop of Y-BSCCO is broader at 6.7 kbar, but
it sharpened up rapidly at higher pressures. Note that the diamagnetic voltage drops for FeSe1−xSx (x = 0.21) for
the first three pressure points have been amplified by a factor of 3 for clarity. At 6.7 kbar, the voltage of x = 0.21
did not level off at the lowest temperature of the run. Therefore, the diamagnetic voltage drop for x = 0.21 at this
pressure point is a lower bound of the estimate.
In Fig. S3, we compare our Tc(p) data in x = 0.12 determined with AC susceptibility with that of Matsuura et
al. [29] and Xiang et al. [30], both determined using resistivity. The comparison with the data of Matsuura et al. is
particularly important because the crystals used in our study are from the same batch as theirs. The SDW transition
temperatures, determined resistively, are shown as crosses. The disappearance of our AC susceptibility signals clearly
occurs near the verge of magnetism, as discussed in the main text, while resistively-determined Tc persists up to at
least 80 kbar.
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FIG. S2. (Color online) Simultaneous AC susceptibility measurement of Y-BSCCO and FeSe1−xSx (x = 0.21). The mea-
surements were performed in the order of increasing pressure in a single series without changing the sample. The temperature
sweeps are offset vertically for clarity. The axis breaks are added to enable a clear display of both the high-temperature and the
low-temperature parts, where the superconducting transitions of Y-BSCCO and FeSe1−xSx occur, respectively. The pressure
values are shown next to the high-temperature part only.
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FIG. S3. (Color online) Temperature-pressure phase diagram with data from Matsuura et al. [29] and Xiang et al. [30]
included. The SDW transition temperatures are denoted by crosses. Other symbols denote Tc.
